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Abstract

The application of nanocomposite fertilisers represents a progressive stride towards harmonising
agronomical techniques with environmental conservation. Many studies have been embarked
upon to gauge the effectiveness of fertilisers, engaging various substances encompassing
polymers, clay minerals, and an amalgamation of synthetic and natural elements. Among these,
using clay minerals, such as glauconite, which are both economical and readily accessible,
provides an attractive substitute for numerous artificial substances. Glauconite is an adept
inhibitor, consisting of nano and micro-particles with vast specific surface areas that maintain
surface charge and provide ion-available interlayer sites, thus facilitating nutrient interchange.
This study explores constructing and using nanocomposite fertilisers from glauconite
amalgamated with a carbamide solution-gel. The ensuing nanocomposite exhibits enhanced
intercalation between ammonium and glauconite, as substantiated by extensive analyses using
techniques such as XRD, TEM, FTIR, TG-DSC, SEM-EDS, Brunauer—Emmett-Teller (BET)
analysis, soil leaching experiments, lab and field agricultural tests.

The mineral nanocomposites, replete with an assortment of novel functionalities, disclose that
20% of the carbamide solution results in an escalation of the intercalated N ratio to 8,
predominantly within the smectite layers of glauconite. The decrease of a specific surface, the
total pore volume and the average pore size in the nanocomposite reflects the adsorption of
carbamide substances within the meso- and macropores of glauconite particles.

The chemically synthesised glauconite nanocomposite retains an original spherical morphology,
accompanied by a distinctive microlayer near the surface, and exhibits an increased nitrogen
ratio, indicative of a superior filtration capability. Controlled-action nitrogen and potassium
nanocomposite fertiliser were realised using glauconite as an inhibitor.

The expectation of targeted and controlled release of nutrients such as ammonium, nitrate and
potassium is facilitated by their multifarious forms within the glauconite. Chemically tailored
glauconite nanocomposite confers numerous benefits, including a micro-granular mineral
structure, a permeable internal morphology, the encapsulation of N compounds within diverse
pore structures, and accessible potassium. Such characteristics of the nanocomposite aid in
invigorating plant growth and development when these fertilisers are dispensed onto the soil.

Keywords: nanocomposites, glauconite, agriculture, fertilisers, intercalation, environmental
conservation

I. Introduction

The agriculture is leaning towards controlled-release fertilisers (CRFs) for heightened
efficiency and a safer environment [1-3]. Such fertilisers gradually deliver nutrients to plants,
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reducing nutrient wastage and excessive accumulation in the soil, surface water, and groundwater
[4-8]. Traditional fertilisers, including urea, ammonium nitrate, and ammonium sulfate,
frequently lead to nitrogen build-up in agricultural land [9]. This surplus nitrogen can cause
environmental damage through processes like denitrification and eutrophication of water bodies,
contributing to greenhouse effects [10-13]. CRFs, therefore, aim not only to reduce these
environmental hazards but also to bolster crop yield and quality [14-17]. Addressing the global
challenge of feeding an ever-growing population necessitates such advancements [18,19].
Technologies underpinning CRFs can be grouped into chemical [7,20,21], mechanical [22-26] and
mechanochemical [27-36] methods. Central to CRFs are inhibitory substances or containers
ensuring targeted nutrient delivery to plants [37]. These inhibitors can be either polymeric
substances [38,39], organo-polymeric compounds [40-44], or specific minerals [31,45-48].
Particularly noteworthy among these minerals are layered silicates like smectites [22,33,49,50],
kaolinite [27,28,51], vermiculite [29,52], and glauconite [21,32,53,54].

Glauconite has drawn significant attention in the agricultural sector due to its inherent potassium-
rich nature, making it a stand-alone mineral fertiliser [55-57]. It belongs to the dioctahedral
potassium-rich iron-loaded phyllosilicate group within the 2:1 interlayer deficient mica family [58-
62]. Historically, soils with glauconite have been linked to enhanced fertility [63]. This fertility
boost was later attributed to the ion exchange capacity of glauconite, its moisture retention, and its
naturally granulated form [21,55,64,65]. Intriguingly, glauconite often contains smectite layers, the
proportion of which depends on the mineral's maturity. While the absorption capacity of smectite
has been extensively studied, glauconite's potential still needs to be explored. However, recent
research has demonstrated nitrogen intercalation with glauconite, which culminates in superior
fertilisers promoting enhanced plant growth [32,53,54].

This research delves deep into the interaction between globular glauconite and carbamide
solution, targeting the intercalation of nitrogen compounds to produce high-quality
nanocomposite fertiliser. The study features experiments on applying glauconite-carbamide
nanocomposite fertilisers in different plant growth tests.

II. Methods

The nanocomposite was formulated using glauconite and a solution of carbamide. Glauconite
from the Karin deposit in Russia was utilized in this research [21]. Energy dispersive X-ray
spectroscopy analysis reveals the original chemical makeup of glauconite to include the following
components: 6.8-9.4 wt.% K20, 18.1-32.9 wt.% Fe20s¢otan, 50.2-58.2 wt.% SiO2, 3.8-11.8 wt.% AlO;,
2.9-4.7 wt.% MgO, 0.4-0.6 wt.% CaO, 0.3-0.4 wt.% Na:0 and 1.7-4.5 wt.% LOI (loss on ignition).
The crystal-chemical formula is: Kosos(Alo-07Mgo.3-05F€091.7)1.6-20(Sis538Al02:06)O10(OH)2nH20. X-ray
diffraction patterns of oriented glauconite samples indicate the amount of the expanded smectite
layers around 8%. The carbamide (CHsN:0) solution gel, provided by Terra Master Ltd. in Russia,
contains in excess of 25% of nitrogen.

The chemical activation process for the nanocomposite was conducted with naturally granulated
glauconite concentrate over 48 hours. A 4:1 glauconite to nitrogen (N concentration in carbamide
solution) ratio was adopted, guided by prior experience. The final product of this process was
given the name Gk4NT1.

The characteristics of the crafted nanocomposites were studied using an array of methods [21].
This included X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS), transmission electron microscopy (TEM) with selected area electron
diffraction (SAED), Fourier transform infrared spectroscopy (FTIR), and differential thermal
analysis (incorporating thermo-gravimetric analysis and differential scanning calorimetry, TG-
DSC), alongside a quadrupole mass spectrometer and Brunauer—-Emmett-Teller (BET) analysis.
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Examinations of the structural alterations in glauconite occurred before and after nanocomposites'
activation. The mineral composition of randomly arranged nanocomposites was discerned using a
Bruker D2 Phase X-ray diffractometer with specific settings. This included taking scans of
composite fractions under specific conditions, separating the clay fraction and preparing them
with various techniques for further analysis. Each sample was measured in the air-dried and the
ethylene-glycol solvated states following placement in a desiccator for 24 h at ~60 °C.

The unit structures and interlayers of glauconite crystals were explored at the Center for Sharing
Use “Nanomaterials and Nanotechnologies” of Tomsk Polytechnic University through JEOL JEM-
2100F transmission electron microscopy (TEM). The images were explicitly captured using a
copper grid and certain technical details.

FTIR spectra were gathered using a specific spectrometer to identify the chemical bond
functional groups within the nanocomposites. The temperature-controlled high-sensitivity
detector was used to obtain data between specific wave numbers.

TG-DSC curves were taken to study thermal degradation and calculate the weight ratio of
different intercalations using a specific micro thermal analyser under an inert argon atmosphere.

The analysis was coupled with a mass spectrometer for simultaneous detection and
quantification of evolved gases, with calibration performed before the experimentation and certain
additional adjustments made.

The nanocomposites underwent analysis under a TESCAN VEGA 3 SBU scanning electron
microscope, operating with specific technical parameters, followed by elemental analysis through
an OXFORD X-Max 50 energy-dispersive adapter.

The BET method was employed to evaluate the specific surface of the samples using a
particular adsorption-specific surface and porosity analyser, with specific drying and degassing
procedures followed.

For the leaching experiment, dry sandy soil was combined with nanocomposites, and specific
dosing and procedures were applied. A PVC tube was utilized, and specific modifications were
made to collect leachate. The trial was replicated three times, and specific methods were employed
to maintain the soil moisture level and monitor various concentrations. The final values were
computed as an average, and additional calculations were performed for cumulative release
curves.

Statistical examination of the outcomes was carried out with Microsoft Excel 365, with values
computed as arithmetic means alongside standard deviations. Statistical tests were performed to
ascertain significant variances between the experiments, including the least significant difference
(LSD) test at the 0.05 probability level, following analyses of variance, which the LSD then
followed.

Agrochemical experiments were carried out in laboratory and field conditions.

Experiments were conducted in the laboratory to cultivate agricultural crops, explicitly
utilising promising nanocomposites. Soil devoid of fertilisers served as a control and
standardisation plot. Oat seeds (Avéna sativa) were grown at a consistent room temperature (26+1
°C) for a duration of 20 days within glass Petri dishes, each having dimensions of 9 cm in diameter
and 1.5 cm in depth.

Both dry composite products and urea were incorporated into the soil at a rate of 50 kg
(potassium) per hectare. The experiment was replicated on three occasions (one plot), and the
mean values were subsequently recorded.

A weakly acidic dark grey agricultural soil (pH 5.1) containing 4.1% organic carbon was
employed for these trials. The plants were consistently watered using tap water each morning.
Standard methods were used to determine the plants' germination energy, height, and dry weight
(vield).

Germination was gauged by calculating the proportion of sprouts to the overall number of seeds
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planted. Germination energy was monitored daily, and the final germination percentage was
ascertained after four days. The number of sprouts was deduced, assuming the plants reached 2
cm above the soil surface.

Following the 20-day period, measurements were taken of the plant's height and weight. The
oat seedlings were individually enclosed in paper sheets and preserved in a desiccator at 80 °C.
Once the weight of the plant samples had stabilised, their dry weight (yield) was measured.

The nanocomposite was specifically trialled on wheat in field-based growth experiments
concerning plant cultivation. The fertiliser was applied at a rate of 90 kg per hectare, with the
overall experimental plot encompassing an area of 0.25 hectares. The structure of the wheat yield
(crop yield, plant height, ear count) was ascertained from a selected 1 square meter area, where 30
plants were chosen from the collective sheaf. The yield was quantified based on the weight of the
threshed crop and subsequently translated into kg per hectare.

To assess the quality of the wheat, parameters such as moisture content, protein content, and
gluten composition were analysed. This analysis used an NIR-analyser, specifically the "Infralum
FT 10" model (Lumex, Russia). The process entailed conducting three individual measurements,
the mean of which was then computed to accurately represent the aforementioned indicators.

II1. Results

The X-ray diffraction pattern of the activated nanocomposite (Fig. 1) displays characteristic
peaks of glauconite, carbamide (urea), and quartz impurity. Compared to the raw glauconite, the
diffraction patterns of the activated nanocomposites reveal a new basal 001 peak, corresponding to
the increased inter-planar space of the expanding smectite layers in glauconite at 17.0 A. The
occupation of the interplanar distance by new ions is confirmed by the absence of displacement of
this basal peak in the ethylene—glycol solvated state of the nanocomposite (Fig. 1). The diffraction
pattern is marked by peaks at 4.0, 3.6, 3.2, 3.0, and 2.5 A, which are associated with adsorbed urea.
The glauconite's characteristic peaks occur at 10.0, 4.5, 2.6, and 2.45 A.
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Fig. 1: X-ray patterns for both the activated nanocomposite and the glauconite. The sample labelled Gk4N1-eg
represents the nanocomposite scanned in its ethylene—glycol solvated state. C — carbamide, Glt — glauconite, GIt-Sme —
glauconite-smectite, Qz — quartz

High-resolution images and local electron diffraction patterns showcase nanocomposite
particles of glauconite with expanded crystal bundles. Nanocomposite particles often display an
augmentation of single or double mineral unit structures. The typical interlayer thickness in the
native glauconite varies from 1.9-2.7 nm but is notably thicker in the nanocomposite 2.8-3.9 nm.
The IR spectrum of the nanocomposite (Fig. 2) displays variations at 1155, 1452-1462, 1600, 1624,
1680, 3342, and 3442 1/cm. The nanocomposite retains certain glauconite-specific vibrations at 700,
775,794, and 1020 1/cm in tetrahedral positions, Fe"OHFe!! and MgOHFe!!' in octahedral positions
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at 3522 and 3564 1/cm, respectively [58,66]. During activation with glauconite, the intensities of
certain NHz at 1155 and 3442 1/cm and NH peaks at 1680 and 3342 1/cm become more

pronounced. A distinct peak in the nanocomposite is linked to the CO vibrations of the adsorbed
urea at 1600 1/cm.
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Fig. 2: FTIR spectra of the nanocomposite and the original glauconite

The nanocomposite DSC curve (Fig. 3 A) indicates two pronounced endothermic effects and
one subtle endothermic effect at 134°C, 188°C, and 360°C, respectively. Furthermore, there are four
exothermic responses at 122°C, 153°C, 290°C, and 650°C. The initial sharp endothermic response at
134°C signifies the melting of carbamide. The subsequent endothermic change, occurring between
184-190°C, corresponds to the evaporation of carbamide — specifically NH3 and CO2. This is
associated with the components integrated into the mineral. The milder endothermic reaction at
360°C confirms the breakdown of the polymerised component of carbamide. Notably, an
endothermic effect at 571°C indicates a minor presence of quartz.
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Fig. 3: (A) TGA (represented by solid lines) with DSC curves (indicated by dashed lines) of the prepared nanocomposite
and the original glauconite. (B) Highlighted representative MS ion detection curves with m/z values of 15 (NH*), 17
(NH3), 28 (CO*), 30 (NO*), 43 (HNCO*), and 44 (CO»).

The TG curve of the nanocomposite (Fig. 3 A) outlines five primary weight loss phases that
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are indicative of glauconite: spanning temperature ranges of 0-110°C, 110-185°C, 185-325°C, 325-
590°C, and 590-1000°C. The initial phase (0-110°C) is attributed to eliminating physically attached
water from the mineral, resulting in a 0.1-0.2 wt.% weight loss. The subsequent phase (110-185°C)
pertains to the expulsion of water and carbamide by-products (NHs and CO:) from the
nanocomposite's macropore space (Fig. 3 B), resulting in weight reductions of 0.7-3.3 wt.%. The
third phase (185-325°C) encompasses the release of mesopore water and several carbamide
breakdown products. The weight decrease within this span is 2.1-10.6 wt.%. The fourth weight
loss phase, 325-590°C, sees nanocomposite weight loss ranging from 2.5 to 8.0 wt.%. This stage is
linked to expulsing water and carbamide degradation products, predominantly from the mineral
interlayer space. Additionally, an elevated concentration of carbamide in the nanocomposites is
evident from the observed releases of CO2, CO, HNCO, NO*, and NH*. The final phase, between
590-1000°C, results in a 0.6-1.1 wt.% weight loss, reflecting the dehydration of the glauconite
crystal structures within the nanocomposite.

Both the nanocomposite and the original glauconite exhibit a globular grain size, with lengths
varying between 50 and 250 pm (Fig. 4). Haphazardly oriented micro-flakes with sinuous borders
characterise the internal morphology of these globules. These micro-flakes range in size from 0.5-5
pm in length. One distinguishing feature of the glauconite near-surface microlayer is the parallel
alignment of micro-flakes perpendicular to the surface. Furthermore, these nanocomposite

microlayers are marked by a higher nitrogen content than the globules core.
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Fig. 4: SEM photos captured using a secondary electron detector showcasing the distinct morphological characteristics
of the nanocomposite (A) as opposed to the original glauconite (B). The bottom right corner provides an encompassing
image of the globular section for each sample.

The original globular glauconite specific surface area, pore volume, and average pore size are
41.2 m?/g, 0.064 cm?/g, and 8.9 nm, respectively. As the proportion of carbamide increases during
activation, the specific surface area of the nanocomposite drops to 23.8 m?/g. In tandem, the
average pore volume and size reduce to 0.036 cm?/g and 4.1 nm, respectively.
The laboratory soil leaching examinations provided varied insights into the leaching kinetics of
ammonium, nitrate, and potassium from the nanocomposite. For ammonium (Fig. 5 A), two
prominent release phases were observed: days 1-7 and 21-28. Between days 7 and 21, the release of
ammonium was gradual. After the 28th day, the release rate became more measured and
extended. In contrast, nitrates exhibited a notably rapid release within seven days (Fig. 5 B).
Beyond this, only trace amounts, ranging from 0.2 to 0.3 mg, were leached from day 7 to day 56.
The leaching kinetics of potassium from the nanocomposites (Fig. 5 C) progressed through four
distinct phases, setting them apart from the potassium leaching kinetics observed in the control
sample. The first phase, lasting until day 7, saw a rapid release. This was followed by a period of
slower release from day 7 to day 28. The period from day 28 to day 43 marked the peak release
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Fig. 5: Cumulative graphs detailing the release rates of ammonium (A), nitrate (B), and potassium (C) from the
nanocomposite. These are set against a control sample devoid of nanocomposite from laboratory assessments. The dotted
lines depict the range between the minimum and maximum cumulative values. Any statistically significant variances
for each parameter are noted at the p = 0.05. Error bars denote standard deviations.

The dry weight of the oat (Avéna sativa) exhibited an increase in the laboratory plant growth
experiment when the tested nanocomposite was used, compared to the control (Fig. 6). The
recorded dry weight (or crop yield) stood at 0.266 g, which is in contrast to the 0.233 g for the
control sample (Fig. 6 A). This indicates a boost in crop yield by over 14.2% in the plots treated
with the nanocomposite. Regarding the germination rate (Fig. 6 B), the presence of the
nanocomposite led to an increase of 93.3%, whereas the control plot (without any fertiliser)
recorded a rate of 90.7%. As for the average plant height (Fig. 6 C), there was a rise to 14.3 cm in
the nanocomposite-treated plot, in contrast to the control's 12.7 cm. This denoted an elevation in
plant height by 12.6% when the devised nanocomposite was applied.
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Fig. 6: Yield (A), germination rate (B), and plant height (D) of oat (Avéna sativa) were assessed following the
application of the researched nanocomposite fertilisers and compared to a control plot without any fertilisers, based on
laboratory experiments. Each parameter’s statistical significance is highlighted at the p = 0.05 level.

Field agro experiment with wheat cultivation also showed the stimulating effect of
nanocomposite as a fertiliser on yield. The experiment yield with nanocomposite was 5.7 t/ha
compared to 4.5 t/ha in the control plot. This indicates a 27.4% increase in wheat yield. The
structure and quality of wheat also differed in the experiments with nanocomposite relative to the
control (Table 1). An increase in all the wheat structure indices (average ear length and ear count)
was recorded. The average plant height and ear count changed from 8.5 to 9.1 cm and 36 to 42
pieces, respectively, relative to the control. These indicators increase by 7.5 and 16.9%. Moisture,
protein and gluten content vary relative to the control from 16 to 16.4%, 11.3 to 13.2% and 10.6 to
19%, respectively.
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Table 1: Wheat yield average indicators based on the results of field experiments

Crop Spike Average  Moisture Protein Gluten
yield, t/ha length, cm ear count content, % content, % composition, %
Nanocomposite 4.5 8.5 36 16.0 11.3 10.6
Control 5.7 9.1 42 16.4 13.2 19.0

IV. Discussion

In the activated nanocomposite, the proportion of intercalated nitrogen mixtures is
ascertained by the initial basal XRD reflex shift to 17.0 A (Fig. 1), the linear measurements of the
expansion in inter-planar distance captured on TEM images, and the weight reduction between
temperatures of 325-590 °C. This is further corroborated by the release of nitrogen compounds
revealed by TG-DSC-MS data (Fig. y). As nitrogen concentration in the resultant solution rises,
correlating to a 20 mol.% of the glauconite concentrate, the intercalated nutrient ratio also surges
to a peak of 8.0%. Interestingly, this maximal intercalation does not surpass the proportion of
smectite layers present in glauconite. This reflects the specific intercalation capacity of the inter-
planar gaps within the smectite phases [21,53,54,67]. This might be due to the ionic exchange
involving ammonium and solvate water and the sodium and calcium native to the mineral.

Consequently, calcium and sodium are scarcely present in the nanocomposites, while the
primary elements (Si, Al, Fe, Mg, K) remain consistent with the original mineral's proportions.
Therefore, the intercalation aptitude of glauconite seems reliant on the number of its smectite
layers, its [62] or maturity [60], and the geological conditions [68,69].

Using FTIR peaks (Fig. 2), adsorbed nitrogen compounds in meso- and macropores are
determined by NH2 and NH signatures. These are further indicated by weight losses between 100-
185 °C (macropores) and 185-325 °C (mesopores), revealing the presence of specific ions (Fig. 3).
The subsequent decline in total pore volume and mean pore diameter authenticates the filling of
meso- and macro-pores.

An evident microlayer on the surface of glauconite globules (Fig. 4), alongside oriented
micro-flakes, underscores the mineral's advantageous morphological attributes. A heightened
nitrogen presence within these microlayers suggests a superior filtration capability. It's theorised
that carbamide penetrates glauconite globules mainly via these solution-conducting microlayers
and subsequently permeates the core. Within the core, nitrogen compounds are intercalated
between the smectite layers of glauconite and are also absorbed in mesopore spaces.

Nutrient releases, encompassing ammonium, nitrate, and potassium, reveal a stepwise kinetics
aligned with their interaction with the mineral (Fig. 5). The initial, easily accessible forms relate to
substances adsorbed in macropores, and they're typically discharged from the nanocomposites
within the initial 21 days or 7 days for ammonium and nitrate, respectively. This is followed by
releasing absorbed ammonium from the mesopore region from day 21 to 28. By the 28th day, the
intercalated ammonium is extracted from the mineral's interlayer. The staggered kinetics of these
nutrient releases, particularly for ammonium and potassium, accentuates the dual positive role of
layered glauconite in nanocomposites as both an ammonium suppressor and a potassium source.
The resultant mineral nanocomposites, crafted by chemically activating globular glauconite with
carbamide, offer multiple benefits. They retain a micro-granular mineral form, possess an innate
diffusive microlayer, incubate nitrogen elements across micro-, meso-, and macro-pores, and act as
a potassium source. There's a specific interest in the ammonium intercalation within the smectite
layers of these mineral constructs, underscoring the significance of understanding glauconite's
structural integrity.

Laboratory and field tests revealed a pronounced positive effect on plant growth and
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development without the risk of environmental damage when using a nanocomposite derived
from the innate globular structure of glauconite (Fig. 6, Table 1). In controlled laboratory
conditions, the assessed nanocomposite fertiliser consistently improved oat growth. Additionally,
under field conditions, introducing the Gk4N1 nanocomposite into the soil remarkably boosted
the quality and quantity of wheat yield — with an impressive 27.4% increase in yield. This
significant growth surpasses the outcomes of applying unaltered glauconite in the field [65,70].

V. Conclusions

From the research into the chemical activation of globular glauconite with carbamide and the
subsequent use of this nanocomposite, the following key findings have been established.

Within the interlayer spaces (micropores) of smectite layers in glauconite, nitrogen intercalation
occurs. Utilising a carbamide solution with a 20% nitrogen concentration facilitates optimal
intercalation.

The presence of adsorbed carbamide substances in meso- and macropores is indicated by a
reduced specific surface area, total volume, and mean pore diameter in the nanocomposite.

Glauconite nanocomposites retain their globular particle shape and exhibit a unique near-
surface microlayer. An elevated nitrogen concentration in these surface microlayers underscores
their superior filtration capability. This surface microlayer plays a crucial role in delivering solutes
to the core region of glauconite globules.

The nanocomposites show a staggered nutrient release mechanism, underlining the varied
absorption of carbamide in the micro-, meso-, and macro-pores of glauconite. Moreover, alongside
nitrogen compounds, potassium is also gradually released from the glauconite nanocomposites.

Introducing the nanocomposite into the soil as a fertiliser enhances both the quality and
quantity of crop yields. Importantly, laboratory and field tests confirm this is achieved without
posing environmental hazards.

The authors gratefully acknowledge the financial support provided by Russian Science
Foundation through the research project Ne 22-77-10002.
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